Abstract Reliable assessment of tumor growth in malignant glioma poses a common problem both clinically and when studying novel therapeutic agents. We aimed to evaluate two software-systems in their ability to estimate volume change of tumor and/or edema on magnetic resonance (MR) images of malignant gliomas. Twenty patients with malignant glioma were included from different sites. Serial post-operative MR images were assessed with two software systems representative of the two fundamental segmentation methods, single-image fuzzy analysis (3DVIEWNIX-TV) and multi-spectral-image analysis (Eigentool), and with a manual method by 16 independent readers (eight MR-certified technologists, four neuroradiology fellows, four neuroradiologists). Enhancing tumor volume and tumor volume plus edema were assessed independently by each reader. Intraclass correlation coefficients (ICCs), variance components, and prediction intervals were estimated. There were no significant differences in the average tumor volume change over time between the software systems (p>0.05). Both software systems were much more reliable and yielded smaller prediction intervals than manual measurements. No significant differences were observed between the volume changes determined by fellows/neuroradiologists or technologists.Semi-automated software systems are reliable tools to serve as outcome parameters in clinical studies and the basis for therapeutic decisionmaking for malignant gliomas, whereas manual measurements are less reliable and should not be the basis for clinical or research outcome studies.
Introduction
In the United States, approximately 17,000 patients are affected by primary brain tumors each year [1] . Approximately 60% of these are gliomas, with the majority belonging to the high-grade or WHO grade III and IV category. The median survival rate of a patient diagnosed with a high-grade glioma is still under 12 months. Cure rates are exceedingly low [2] . Despite marked advances in surgery, chemotherapy, radiation therapy, and diagnostic radiology, survival rates in patients with high-grade gliomas appear largely unaffected [3] [4] [5] . There is a pronounced need for new, effective therapeutic approaches to brain tumors. Magnetic resonance (MR) imaging is a decisive factor in the assessment of the efficacy of new therapeutic strategies and is, therefore, a paramount factor in the design of brain tumor therapy trials. MR imaging moreover plays a key role in the clinical evaluation of brain tumor patients both for the primary diagnostic assessment and for surgical planning as well as post-operative follow-up.
The quantitative assessment of the tumor volume [6] [7] [8] is required for measurement of tumor response to a therapy and may also serve as a surrogate end-point in randomized clinical trials. (e.g., phase II trials). In addition, a quantitative assessment of the tumor volume also serves as a guide for the clinician and the patient in therapeutic decision-making both in clinical and in study settings [8] .
In the year 2000, guidelines to evaluate the response to treatment in solid tumors were published by a task force set up by the National Cancer Institute (NCI) of the United States, the European Organization for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada Clinical Trials Group: the Response Evaluation Criteria in Solid Tumors (RECIST) [6] . RECIST guidelines recommend a manual metric measurement of the longest diameter of the lesion by use of a ruler or calipers. If more than one lesion is present, the sum of the longest diameters of all target lesions should be calculated [6] . The RECIST criteria have the advantage of being an easy, fast and readily available tool in the evaluation of tumor response [7] . They, however, solely focus on a monodimensional measurement and do not take into account the three-dimensionality and the complex and heterogeneous structure of malignant gliomas. Moreover, manual measurements can be expected to be highly operator-dependent and may vary widely, depending on the reporting neuroradiologist. Thus, a reliable volumetric assessment of the tumor volume and of the volume of the surrounding T2 signal abnormality is desirable.
In the past, MR imaging-based tumor-volume assessment with manual segmentation was cumbersome and frequently unreliable. Previous reports have demonstrated rather large inter-and intra-rater variations with other segmentation techniques and have reported a case dependency for the accuracy of measurements [9] . However, the effects of reader expertise and previous surgical treatment upon the inter-and intra-rater variability with computer-assisted techniques have not yet been reported. It is necessary to evaluate the variation of segmentation systems before their application in brain tumor therapy trials becomes feasible.
In recent years, computer-assisted systems for the assessment of brain tumor volumes have been developed, in which the reader marks the area of interest, while the system segments the various imaging regions and computes the respective volume.
Although there are many computer-assisted methods that have been developed, this study utilizes two representative methods, Eigentool and 3DVIEWNIX-TV [10] [11] [12] [13] [14] [15] [16] . The two software systems were selected due to the following reasons. First, the methods implemented in the two systems are representative of two classes of techniques available for image segmentation, particularly for delineating tumors in MR images. These two classes are single-image fuzzy analysis (3DVIEWNIX-TV) and multi-spectral-image analysis (Eigentool). Second, these techniques have been published and technically evaluated [17] [18] [19] . Third, the software systems have been used in tumor volume estimation and other volume measurement applications independently of this project [17] [18] [19] .
Both systems minimize operator dependence on tumorvolume assessment. However, the extent of interobserver variability for the assessment of tumor volume remains to be demonstrated. Moreover, the extent of the influence of the reader's expertise and training level on the reproducibility remains unclear. Such knowledge will aid in the design of multi-center studies, as the relevant level of reader training can be chosen beforehand.
The overall goal of this study was to assess and explore the value of two computer-assisted methods for estimating the volumes of the contrast enhancing tissue and the hyperintensity seen on FLAIR images (i.e., the perifocal edema) in patients with recurrent malignant glioma in a multi-center multi-reader study.
Materials and methods

Imaging, case selection and stratification
All institutions submitting images underwent study-specific IRB approval. A copy of the IRB approval for each institution was filed at ACRIN headquarters. Moreover, the study protocol was approved by the Cancer Therapy Evaluation Program (CTEP) of the National Cancer Institute (NCI).
The following inclusion criteria had to be met in order to be eligible for the study:
-A histologically proven diagnosis of WHO grade III or IV glioma, including glioblastoma multiforme, anaplastic astrocytoma, anaplastic oligodendroglioma.
-Two subsequent post-operative scans demonstrating tumor recurrence; these had to be acquired at the first and at the second follow up 3 months and 6 months post surgery, respectively. -All cases had to be post-operative cases, in which tumor tissue had been removed with a macroscopically complete R0 resection. -All cases had to demonstrate a tumor recurrence that was substantiated either by clinical follow-up, histological evidence, or FDG-PET.
Images were obtained on 1.5-T MR imaging systems. All studies included T1-weighted sequences before and after the intravenous administration of a gadolinium (Gd)-based contrast medium (TR ≈ 500 ms, TE = minimum full, slice thickness 3.0 mm, matrix 256×192 mm, field of view 200×200 mm; standard dosage of a Gd-based contrast medium applied as a bolus injection, i.e., 0.1 mmol (= 0.2 ml) Gd-DTPA per kg body weight, applied as a bolus injection), a FLAIR sequence (TR ≈ 10,000 ms, TE ≈ 150 ms, TI ≈ 2,200 ms, slice thickness 3.0 mm, matrix 256×192 mm, field of view 200×200 mm), and a T2-weighted sequence (TR ≈ 3,500 ms, TE ≈ 90 ms, slice thickness 3.0 mm, matrix 256×192 mm, field of view 200×200 mm), all obtained in an axial plane. No interslice gaps and no interleaved acquisitions were used.
Eligible cases were identified through the databases of the submitting sites and consecutive cases were selected from among those with complete inclusion criteria. An excess of 87 cases was submitted. Cases were evaluated by a panel of three board-certified neuroradiologists (advisory panel) regarding difficulty of assessment (i.e., presence or absence of necrosis and complexity of shape) and amount of change of tumor volume. The cases were graded on a scale from 1 to 10 regarding the above-mentioned criteria. Eight cases were randomly selected within each of three strata formed by the Biostatistics Center (BC): the first with minimal change in tumor volume and considered simple, the second was designated moderate, and the third was designated difficult with a large change in tumor volume and complex shape.
Reader selection and reading set-up A total of 16 readers were recruited for the study; eight were radiology technologists, four neuroradiology fellows, and four staff neuroradiologists. All reading was conducted at the American College of Radiology Imaging Network (ACRIN) headquarters in Philadelphia, Pa. Two ACRIN representatives were trained on both Eigentool and 3DVIEWNIX-TV for the purposes of training the study readers in both techniques.
Each reader was offered five training cases prior to entering the evaluation stage of the study. With these five training cases, readers were instructed to practice the applications and to perform volume measurements both for the Gd-enhancing tumor volume and for the FLAIR hyperintensity under the surveillance of the two ACRIN representatives. Practice with the training cases was performed for all three modalities, i.e., for Eigentool, 3DVIEWNIX-TV and for manual measurements, by all readers. The readers entered the evaluation stage of the study only after they felt comfortable with the usage of all three modalities. The evaluation stage of the study consisted of 20 cases with two time-points evaluated with each system, resulting in a total of 120 dataset evaluations totaling a full week of readings per reader.
Image processing and volume determination
The volume of the enhancing tissue and the hyperintensity seen on FLAIR images was determined at each time-point for all cases with all modalities. To reduce heterogeneity and save time, all image sets from a single acquisition timepoint were pre-registered by using 3DVIEWNIX-TV or Eigentool. For volumetric assessment with Eigentool, registration of all images (pre-and post-T1, T2, FLAIR) was required. For volumetric assessment with 3DVIEW-NIX-TV, registration of only the pre-and post-contrast T1 images was necessary. Since 3DVIEWNIX-TV uses FLAIR images on their own, no registration is required for these images. The 3DVIEWNIX-TV software does not use T2 images in the analysis. Image processing for 3DVIEWNIX-TV (www.mipg.upenn.edu) was performed on a 600 MHz Pentium PC using the Linux operating system. For Eigentool, image processing was performed by using a SUN SPARC Workstation with the Solaris operating system (see www.radiologyresearch.org, a Windows XP version is also available). The complete steps used to segment tissue can be found on the respective software websites.
In addition to the volume determination with both software systems, the Gd enhancement and the FLAIR hyperintensity were measured manually. Since the volume of the lesion is being determined in this study, and the RECIST criteria only measure the longest diameter of the lesion, each reader identified the cross sectional image with the largest linear tumor dimensions on the FLAIR and on the contrast-enhanced T1-weighted images. The longest lesion diameter for each lesion component was measured in the two orthogonal directions. The number of sections and section spacing on which each lesion component was identified was also noted and from these values the volume of the Gd enhancement and FLAIR hyperintensity was determined based on an ellipsoid shape.
The time measured to perform the volume estimations included the uploading of the images for each modality.
Statistical considerations
The objective of the study was to assess the two systems for estimating volumes of brain tumors on MR images in patients with new, postoperative, and recurrent malignant gliomas. The primary endpoint of the study was the volume change of the Gd enhancement and FLAIR hyperintensity in milliliters (ml) for each case. The interclass correlation coefficient (ICC) was estimated for each lesion component volume and the change in these volumes over time. The ICC is defined as the ratio of variance components; specifically, the variance components due to cases divided by the sum of the variance components due to readers, cases, and error. The ICC was estimated under a standard regression model with normal errors containing a random effects term for readers and cases. Technically, this is a classic three-factor (cases, raters, and systems) linear model without replication at three-way interaction level, but the model is easily expanded into a five-factor model (experience and tumor size change added) to explore secondary aims. An analogous ICC with the variance component for readers in the numerator is also of interest and was computed.
Because ICCs are percentages of total variance, it is important to examine and assess the individual variance components themselves. Small components of variance due to readers indicate that the system is reliable over different readers. In addition, we estimated the length of a 95% prediction interval for the differences in volume measurements, which describes the variation of a prediction over the entire population of cases. For example, a prediction interval length of 20 ml, would indicate that the unknown volume measurements can appear as ± 10 ml off the true volume. This should not be confused with reliability measurements, which describe the repeatability of a specific case measurement by different readers.
The raters evaluated 20 case series, consisting of two time-points, under each system and using the manual method. The order in which images were read was randomized, separately for each system and reader, to avoid recall bias and reduce any learning effect. Note that an ICC of at least 0.60 is considered substantial reliability, an ICC of at least 0.75 or more is considered excellent reliability, and an ICC above 0.85 is considered almost perfect reliability. Sample size projections were based on achieving sufficiently high lower confidence bound on the estimate of the ICC [16] . Note that the study was sufficiently large to estimate the reliability in the change of tumor volumes, absolute measures of tumor volume, as well as estimation of reader specific reliability. Data were analyzed at the Center for Statistical Sciences at Brown University, which serves as the Biostatistics Center for all ACRIN trials. Data were prospectively monitored and 
Results
The average time to train on a software package until the operator felt comfortable with its usage was 138. Fig. 2 Plot of the FLAIR hyperintensity volume change for each case and each reader using 3DVIEWNIX-TV (orange), Eigentool (green) and manual (blue) measurements. The colored box is known as the interquartile range (IQR) and represents observations lying between the 25th and 75th percentiles of the data with the median (50th percentile) drawn as a light blue line within the box. The upper (lower) fence is drawn to the maximum (or minimum) observation within ± 1.5 IQR, with points outside the fences plotted as outlier points. The box plot describes the distribution of values and, as such, a longer colored box indicates greater variability hyperintensity and for the volume of the Gd-enhancing part of the lesion (p<0.001).
The variances and ICCs of the estimated volume change are given in Tables 1 and 2 . The total variance was significantly larger for manual measurements when compared with either software system (p < 0.01); i.e., the variance for the manual measurements were from three-times to an order of magnitude larger than that from either of the two software systems. But note that the proportion of variance attributable to the different readers is comparatively small for all methods used.
The length of 95% prediction intervals, which are a direct function of the total variance, corresponded well with the amounts of variance described above (see Figs. 1, 2 and Table 3 ). Prediction intervals were significantly lower for both software systems when compared with manual measurements (p<0.01). For instance, for estimating the volume differences over time, in our population, the length of the 95% prediction interval was about 185 ml for the Gd-enhancing part of the lesion and 312 ml for the hyperintensity in the FLAIR sequence when using the manual method. The 95% prediction interval lengths were 52 ml and 69 ml for the Gd-enhancing part of the lesion and 180 ml and 100 ml for the hyperintensity in the FLAIR sequence for 3DVIEWNIX-TV and Eigentool, respectively. The volume estimates were not significantly different between Staff/Fellows and MR technologists for either software system (p>0.05). This held true for all levels of difficulty of the cases. In Figs. 1 and 2 there appear to be differences in the volume change measured by the two software systems for several cases (see case 14 in Fig. 1 and cases 5, 14, 18 and 19 in Fig. 2) . In all but one of these cases (case 5), the cases were designated as difficult ("hard"). Note that even though there is an apparent difference in volume change estimates between the software systems seen in the figures, overall these differences were not statistically significantly. (Fig. 3) .
No significant differences were found between the lengths of the 95% prediction intervals relating to the level of professional expertise of the readers for 3DVIEW-NIX-TV for the volumes of either Gd enhancement or FLAIR hyperintensity (p>0.05, see Table 4 ). For Eigentool, the length of the 95% prediction interval was longer for Staff/Fellows compared with MR technologists for the volumes of Gd enhancement, while there were no significant differences for the volumes of FLAIR hyperintensity (p>0.05). Similarly, the sum of variances was not significantly different between level of professional expertise of the readers for 3DVIEWNIX-TV and for the volumes of FLAIR hyperintensity for Eigentool (p>0.05), while it was higher for Staff/Fellows when estimating the volumes of Gd enhancement for Eigentool (p<0.01). Also note that the sum of variances for 3DVIEWNIX-TV is larger on average for the FLAIR hyperintensity compared with Eigentool. The ICC was not significantly different between the different levels of professional expertise for either software system for estimating the volumes of Gd enhancement (p>0.05). Although they were higher for 3DVIEWNIX-TV when estimating the volume of FLAIR hyperintensity compared with Eigentool or the manual method. As seen in the analysis of the combined data, the results using the manual method were less reliable and the prediction intervals substantially larger compared with the software systems for all readers regardless of expertise and case difficulty.
Discussion
In this multi-center/multi-reader study, we aimed to investigate the value of two software systems in estimating volumes of the enhancing portion of malignant brain tumors and of perifocal edema in order to assess their potential to serve as the basis for evaluating new therapeutic strategies and also as a valid clinical tool in the follow-up of patients. As it was impossible to conceive a study design in which an "absolute"-or even a relative-truth could serve as a reference standard, we evaluated parameters of reliability as the primary aim of our studies. There are several approaches to describe the reliability of a system. One of these is the ICC, which is a proportional coefficient that is influenced by the variability due to cases, the variability due to readers and the variability due to residual or "random" error [20, 21] . The higher the proportion of total variability due to cases, the higher the ICC becomes. Conversely, the higher the proportion of the variability attributed to readers or to residual error is, the lower the ICC becomes. Therefore, in order to correctly interpret our results, it is important to examine the relative proportions of total variability due to each variance component. The total variances were considerably and significantly lower for both software systems compared with manual measurements, which indicates that the nature of the software systems is much less variable than manual measurements across the clinical population. In fact, the total amount of variability is up to tenfold higher for the manual measurements. This implies that these software systems can be used to reliably measure lesion volume changes in future clinical or research studies, much more so than manual measurements.
Another parameter aiding in the evaluation and interpretation of variability of volume measurements is the assessment of prediction intervals. These intervals indicate 95% of the observed volumes that may appear from an unknown volume. While the mean of the intervals may be different (depending on a specific case or clinical indication), their length will remain constant. Hence, their length is key for understanding the case-to-case variability in this population. Compared with the software methods, the manual measurements had prediction intervals that were twice as large, suggesting that using manual measurements would require a larger volume change be present to reliably measure the change.
If, on the other hand, the desired measure is that the volume change determined by different readers at multiple sites is always the same, the prediction interval is not relevant, but instead the reader variance is important. This study clearly demonstrates that using semi-automated software systems the reader variance is extremely small and the prediction intervals are smaller than when using manual measurements, thus making them more reliable overall.
Our study demonstrated comparable results with MR technologists and Staff/Fellows as operators. The 95% prediction intervals were somewhat larger for the Staff/ Fellow for the Gd-enhancing volume with Eigentool. This can be partially explained by the principles of segmentation of the software systems we used in the study. Eigentool segments the signal from tissue into portions of "pure" and partial volume regions. The resultant segmented images are displayed as gray-scale images, where the pixel intensity is proportional to the partial volume (see Fig. 4a ). Variations in slice thickness and orientation as they occur in multicenter studies are therefore expected to result in varying partial volume portions. Therefore, the gray-scale presentation of the partial volume segmentation is expected to vary to a certain degree the interpretation between different readers when performing the final lesion designation step in the processing. On the other hand, 3DVIEWNIX-TV, while handling varying partial volume effects and tissue heterogeneity by using fuzzy topological principles, displays the final segmentation results in a binary fashion, making the final lesion designation step simpler. This would explain the coinciding behavior of the relative percent variability from Eigentool and the manual measurements, since they both use gray-scale images in defining the regions compared with 3DVIEWNIX-TV, which utilizes a binary image for the final review.
There are limitations of our study that need to be taken into account when interpreting the data. The major limitation of any study assessing the value of volumetric estimations of brain tumors is the lack of a reference standard. It is impossible to obtain an "absolute truth" of human brain tumor volumes in an in-vivo situation. Even if surgery is performed directly after MR imaging, it is not feasible to resect the tumor in a fashion that would allow a sensible volumetric assessment. Moreover, the surrounding hyperintensity in the FLAIR or T2-weighted images usually cannot be completely resected. Histopathological studies have, however, demonstrated this zone of abnormal signal intensity to contain viable tumor cells and to therefore also play a critical role in the prognosis of the patient [22] [23] . The volumetric assessment of a malignant brain tumor should, therefore, not only include the zone of enhancement after the intravenous injection of a Gd-based contrast medium, but also the volume of the FLAIR hyperintensity. Moreover, even the correlation with an autopsy cannot be expected to provide reliable results due to the very rapid growth dynamic of malignant gliomas [24] [25] . As it was impossible to design a study, in which an "absolute"-or even a surrogate-truth could serve as a reference standard, we decided to evaluate parameters of reliability as the primary aim of our studies.
In addition, the sample size of our population was relatively small. This was, however, counterbalanced by a large number of readers and data stratification from a larger sample. Inclusion of a larger sample into the reading phase of the study would have been prohibitive due to the extensive reading times. Sample size projections had been performed and the study was sufficiently large to estimate the reliability in the change of tumor volumes, absolute measures of tumor volume, as well as estimation of reader specific reliability.
In summary, we were able to demonstrate in our multicenter multi-reader study that the reliability parameters of both software-based tumor-volume estimations were far superior to manual measurements. We, therefore, conclude that semi-automated software systems similar to those used in this study are reliable tools to serve as outcome parameters in clinical studies and as a basis for therapeutic decision-making in patients with malignant glioma, whereas manual measurements are less reliable and should not be the sole basis for clinical or research outcome studies. In addition, since MR technologists and Staff/ Fellow neuroradiologists demonstrated comparable results, the way is paved for a more economical and time-efficient study design, especially in large multi-center trials. While the need for neuroradiologists to supervise image analysis will certainly not be obviated, the time-consuming volume analysis can be reliably performed by trained MR technologists, thus reducing costs and time constraints.
